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SUMMARY 

This report i s  a diges t  of s i x  Astro Sciences Center/  

IIT Research I n s t i t u t e  r epor t s  covering t h e  genera l  a r ea  of pre- 

l iminary  s e l e c t i o n  and assessment of missions t o  comets i n  t h e  

y e a r s  1965-1986. These r epor t s  cons ider  t h e  f e a s i b i l i t y  of 

unmanned s c i e n t i f i c  missions t o  well-known shor t -pe r iod  comets 

and t o  new comets. These r e p o r t s  l ead  t o  the fol lowing conclu- 

s i o n s .  Oppor tuni t ies  for missions t o  sho r t -pe r iod  comets occur 

a t  an average r a t e  of  one per  yea r ;  about one i n  four  of these  

i s  p a r t i c u l a r l y  a t t r a c t i v e .  I f  a comet d e t e c t i o n  network and 

a quick-response launch f a c i l i t y  a r e  ava i l a l  le i n  t he  f u t u r e ,  

n e a r l y  one new comet mission p e r  year would be feasible. 

most cases  a launch v e h i c l e  of t h e  Atlas-Centaur c l a s s  would be 

adequate.  For almost a l l  missions t h e  fundamental experiments 

would be measurements of charged p a r t i c l e s ,  d u s t ,  and magnetic 

f i e l d  i n  t h e  comet coma and t a i l ,  t oge the r  wi th  measurements 

aimed a t  determining t h e  p rope r t i e s  of  the  comet nucleus.  For 

more d e t a i l e d  t reatment  of comet missions the r eade r  i s  r e f e r r e d  

t o  our Reports N o .  M-7, P - 3 ,  P-9, T-7 ,  T -11  and T-13, l i s t e d  i n  

t h e  bibl iography (Sec t ion  6 ) .  

In 
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Report No. M-9 

MISSIONS TO THE COMETS 

1. IJYTRODUCT I O N  

The f i r s t  recorded a p p a r i t i o n  of a comet occurred i n  

466  B.C. ,  when Ha l l ey ' s  comet was seen.  Not u n t i l  1577,  however, 

w e r e  comets d e f i n i t e l y  e s t a b l i s h e d  as s o l a r  s y s t e m  o b j e c t s ,  and 

not  u n t i l  1705 w e r e  the f irst  comet o r b i t s  determined. Although 

a g r e a t  d e a l  o f  information about comets has  been obta ined  s i n c e  

then ,  fundamental f a c t s  about t h e  o r i g i n  and t h e  s t r u c t u r e  o f  

comets cont inue t o  elude astronomers.  

There a r e  two classes of  comets: sho r t -pe r iod  comets, 

wi th  per iods  o f  less than 1,000 yea r s ,  and long-period comets 

( inc lud ing  parabol ic  and hyperbol ic  comets),  wi th  per iods  of  

more than 1,000 years .  Since m o s t  new comets are long-period, 

w e  s h a l l  cons ider  on ly  t h i s  type of new comet i n  t h i s  r e p o r t .  

New shor t -per iod  comets are s i m i l a r  t o  well-known shor t -pe r iod  

comets; s ince missions t o  well-known comets are much s impler  

than missions t o  new comets, t h e r e  i s  no po in t  i n  cons ider ing  

missions t o  new shor t -pe r iod  comets. 

I I T '  R E S E A R C H  I N S T I T U T E  
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Comets c o n s i s t  of three components: t h e  nucleus,  t h e  

coma, and t h e  t a i l .  The t y p i c a l  comet nucleus i s  1 t o  10 km i n  

diameter  and i L  thought t o  be corposed o f  an i c y  conglomerate 

of d u s t ,  water ,  and var ious  hydrocarbons. The coma surrounding 

t h e  nucleus i s  2,000 t o  2,000,000 km i n  s i z e .  T r a i l i n g  away 

from the coma i s  t h e  t a i l ,  from 10  t o  150 m i l l i o n  km long. 

Comets e x h i b i t  a g r e a t e r  range of b r igh tness  than  any 

other celestial  o b j e c t s  except nova and supernova. Comets 

range i n  b r igh tness  f r o m  v i s i b l e  t o  the  naked ( .ye i n  day l igh t  

t o  b a r e l y  v i s i b l e  a t  Aght with a l a r g e  te lescope .  The major i ty  

of  sho r t -pe r iod  comets, however, can be de t ec t ed  only  wi th  a 

l a r g e  t e l e scope .  

The o r b i t s  of shor t -per iod  comets have median parameters:  

i n c l i n a t i o n  15 degrees ,  e c c e n t r i c i t y  0.56, p e r i h e l i o n  d i s t a n c e  

1 .3  AU, aphel ion d i s t a n c e  5 .5  AU, and o r b i t a l  per iod  7 years .  

I n  g e n e r a l ,  shor t -per iod  comets a r e  f a i n t ,  i n a c t i v e ,  and i n  no 

sense  as spec tacu la r  a s  new comets. Because of t h e i r  r e l a t i v e l y  

f requent  passes ,  t h e i r  o r b i t s  can be determined and t h e i r  fucure  

r e t u r n s  can be p red ic t ed  f a i r l y  accu ra t e ly .  Thus they form t h e  

group of  comets most s u i t a b l e  f o r  i n t e r c e p t  missions i n  t e r m s  of  

space? l igh t  requirements.  An average of one p o t e n t i a l  s h o r t -  

per iod  comet mission occurs each yea r .  

New comets a r e  discovered 

t o  fou r  a year .  Because o f  t h e i r  

high level of a c t i v i t y ,  they  have 

p resen t  cometary knowledge. Thus 

a t  an average ra te  of t h r e e  

s i z e ,  b r i g h t n e s s ,  and gene ra l ly  

con t r ibu ted  most t o  t h e  

missions t o  new comets a r e  

I I T  R E S E A R C H  I N S T I T U T E  
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a l s o  d e s i r a b l e .  

new comet mission oppor tun i t i e s  i s  t h e  magnitude a t  which t h e  

comets can be discovered.  I f  all t h e  new comets could be d i s -  

covered at: magnitude 15, which would r e q u i r e  an organized sea rch  

program, and if a launch were p o s s i b l e  wi th  only a f e w  months 

lead  t i m e ,  then  almost one ~zr.issior! per ~70ar J -  i'?~ul,d be possib1.e.  

The most c r i t i c a l  parameter i n  determining 

Thus, shor t -per iod  comets a r e  t h e  most a t t r a c t i v e  f o r  

f u t u r e  missions.  Thei r  r e t u r n s  can be p red ic t ed ,  and d e t a i l e d  

planning can be c a r r i e d  o u t ,  However, sho r t -pe r iod  comets, 

w i t h  t h e  except ion of Hal ley ' s  tend t o  be r e l a t i v e l y  i n a c t i v e  

and unspec tacular .  

comees lend cons iderable  m e r i t  t o  complementing shor t -pe r iod  

comet i9'issions wi th  new comet missions.  However, new comet 

missions are q u i t e  d i f f i c u l t  because t h e r e  i s  no way of pre-  

d i c t i n g  7hen a new comet w i l l  appear.  

The comet missions t h a t  appear t o  be f e a s i b l e  over  t h e  

The br ightness  and t h e  a c t i v i t y  of new 

next  twenty years  would enable comets t o  be i n t e r c e p t e d  near  

p e r i h e l i o n ,  where they  are most a c t i v e  and b r i g h t  and can be 

observed from t h e  E a r t h ,  Space probe measurements w i l l  s e r v e  

t o  supplement t h e  p re sen t  knowledge of  comets and t o  add new 

informat ion ,  which cannot be obtained from Ear th ,  on t h e  char -  

a c t e r i s t i c s  of t h e  nucleus and on t h e  d i s t r i b u t i o n  of charged 

p a r t i c l e s ,  d u s t ,  and magnetic f i e l d s  thrcxghout  t h e  coma. 

Increased knowledge should make :t p o s s i b l e  t o  view comets as 

i n t e r p l a n e t a r y  probes,  which, by t h e i r  appearance,  i n d i c a t e  t h e  

s t a t e  of  t h e  l o c a l  i n t e r p l a n e t a r y  medium and perhaps i n d i c a t e  

1 l f  R E S E A R C H  I N S T I T U T E  
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s o l a r  a c t i v i t y .  

cons ide r  both a rendezvous mission and an i n t e r c e p t  miss ion .  

The s c i e n t i f i c  ob jec t ives  t h a t  a r e  t h e  b a s i s  f o r  t h e  

For t h e  comet Kopff i n  1983 it  is  poss ib l e  t o  

comet i n t e r c e p t  missions are summarized i n  Table 1. 

comet i n t e r c e p t s  a lone  cannot provide a l l  t he  answers t o  ques t ions  

about comets. Ground-based observa t ions ,  l abo ra to ry  s t u d i e s ,  

aiiu a i c i L I C I d l  coulets launched from cne Ea r th  a r e  a l s o  desirable. 

2.  

O f  course ,  

..-A , ,e4Cf--. 

SELECTION CRITERIA FOR COMET MISSIONS 

The s p e c i f i c  comet missions s e l e c t e d  m u s t  s a t i s f y  both 
--- 

t h e  s p e c i f i c  o b j e c t i v e s  and the  t echno log ica l  c o n s t r a i n t s .  

Fo r tuna te ly ,  r e l a t i v e l y  br ight  comets a r e  almost always posi-  

t i oned  favorably f o r  i n t e r c e p t  missions ; t h i s  g r e a t l y  s i m p l i f i e s  

t h e  s e l e c t i o n  process .  

2 . 1  Short-Period Comet Missions 

Because p l ane ta ry  p e r t u r b a t i o n s ,  p a r t i c u l a r l y  by 
- 

J u p i t e r ,  can s t r o n g l y  a f f e c t  comet o r b i t s ,  d e t a i l e d  per turba-  

t i o n  c a l c u l a t i o n s  were performed f o r  each s h o r t - p e r i o d  comet 

before  t h e  s e l e c t i o n  process w a s  s t a r t e d .  

Table 2 shows t h e  bas i c  s e l e c t i o n  cr i ter ia* f o r  s h o r t -  

per iod  comet missions.  

The f i r s t  c r i t e r i o n ,  two recent observed a p p a r i t i o n s ,  

provides  some assurance t h a t  t h e  comet w i l l  r e t u r n  i n  i t s  f u t u r e  

a p p a r i t i o n s  a s  p red ic t ed .  

- * C r i t e r i o n  2 ,  magnitude 1 2  o r  b r i g h t e r  a t  i n t e r c e p t ,  was not  
imposed i n  our  very e a r l y  comet s t u d i e s  

I I T  R E S E A R C H  I N S T I T U T E  



Table 1 

SUMMARY OF SCIENTIFIC OBJECTIVES 

Macroscopic construction (sand bank ( i ice nucleus 3odel) 
Diameter, shape, mass, density determination 
Constitution (nucleus compounds) 
Temperature and albedo determination 
Method of gas and dust release 
Magnetic field detection 
Possible biological species or organic compounds 

Coma - 
Mechanism of halo formation 
Determination of parent, daughter,and grand- 

Verification of ionizing and excitation mechanisms 
Nature of reflecting particles 
Relationship between size and brightness as a 

function of solar distance 
Magnetic field detection 

daughter molecules and ions 

Tail - 
Verification of constitution of Type I and 

Mechanisms causing tail structures 
Establishment of mechanisms for accelerations of 

Magnetic field detection 

Type I1 or I11 tails 

tail material 

I l l  R E S E A R C H  I N S T I T U T E  
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f Table 2 

SELECTION CRITERIA FOR PERIODIC COMET MISSIONS - .- 

1. 

2 .  

3 .  

4 ,  

5 .  

Two recen t  passes  observed. 

Br ighter  than magnitude 1 2  a t  i n t e r c e p t .  

Recovery 2 months before  launch of  s p a c e c r a f t ,  

Recovery magnitude b r i g h t e r  than 20,  w i th  2 
hours of v i s i b i l i t y  i n  a dark sky. 

I d e a l  v e l o c i t y  (AV) requirements less than 
55,000 f t / s e c  

I l l  R E S E A R C H  I N S T I T U T E  
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The second c r i t e r ion ,  magn,tude 2 o r  b r i g h t e r  a t  i n t e r -  

c e p t ,  assures  t h a t  adequate spec t roscopic  measurements can be 

made from Ear th  a t  t h e  t i m e  of i n t e r c e p t .  

ground-based measurements with s p a c e c r a f t  measurements, a maxi- 

mum amount of s c i e n t i f i c  information can be obta ined  from t h e  

m i s  s ion.  

By c o r r e l a t i n g  such 

The t h i r d  c r i t e r i o n ,  recovery of  t h e  comet before  

launch, accomplishes two th ings .  F i r s t ,  it a s su res  t h a t  t h e  

comet i s  going t o  appear on t h i s  a p p a r i t i o n .  

s u f f i c i e n t  t i m e  f o r  t r a c k i n g  t h e  comet t o  v e r i f y  i t s  p o s i t i o n  

i n  o r b i t .  

Second, i t  al lows 

Whether two months i s  t oo  much o r  too  l i t t l e  t i m e  f o r  

t r a c k i n g  before  Launch depends somewhat on t h e  i n d i v i d u a l  comet 

and on t h e  v e l o c i t y  co r rec t ion  t h a t  i s  p o s s i b l e  a f t e r  launch 

of  t h e  spacec ra f t .  I f  two or  t h r e e  v e l o c i t y  c o r r e c t i o n s  can 

be app l i ed  t o  the  s p a c e c r a f t  a f t e r  launch, less than two 

months t r ack ing  would probably be needed t o  a t t a i n  a 10,000-km 

m i s s  d i s tance .  

probably not  adequate f o r  a very p r e c i s e  i n t e r c e p t .  In  p a r t i -  

c u l a r ,  i f  t h e  mission i s  designed t o  i n t e r c e p t  w i t h i n  1,000 km 

of  t h e  nucleus,  there would almost c e r t a i n l y  have t o  be a 

comet a c q u i s i t i o n  system on the s p a c e c r a f t  as w e l l  as capa- 

b i l i t y  f o r  t r a j e c t o r y  co r rec t ions  during t h e  l as t  day of  t h e  

f l i g h t .  

Even two months of  ground-based t r ack ing  i s  

The f o u r t h  c r i t e r i o n ,  magnitude b r i g h t e r  than 20 and 

two hour v i s i b i l i t y  i n  a dark sky,  corresponds t o  t y p i c a l  

1 1 1  R E S E A R C H  1 N S T l f U T E  



cornet recovery using a l a r g e  t e l e scope  such as the 4C-inch 

r e f l e c t o r  a t  t h e  U. S .  Naval Observatory i n  F l a g s t a f f ,  Arizona. 

The f i f t h  requirement,  i d e a l  v e l o c i t y  (AW) of less 

t han  55,000 f t / s e c  ( the  upper l i m i t  of t h e  S-1B Centaur dap- 

a b i l i t y ) ,  i s  redundant i n  most cases. The i d e a l  v e l o c i t y  

requirements f o r  missions t o  almost every comet t h a t  w a s  

b r i g h t e r  than magnitiide 12 a t  i n t e r c e p t  w e r e  s i g n i f i c a n t l y  

less than 55,000 f t /sec.  

Table 3 i l l u s t r a t e s  the  s e l e c t i o n  process .  

Table 3 

SELECTION STATISTICS FOR SHORT-PERIOD 
COMET MISSIONS 

Comets considered 37 

Pe r ihe l ion  da te s  2/65 t o  1/86 

Number of a p p a r i t i o n s  110 

energy cons idera t ions  88 

Number of poss ib l e  missions: 22 

Comets e l imina ted  on br ightness-  

Primary 5 
Secondary 12 
Marginal 5 

I n i t i a l l y  37 comets were s e l e c t e d  t h a t  had t w o  r e c e n t  

observed appa r i t i ons  and p e r i h e l i a  between February 1965 and 

January 1986. The 37 comets w i l l  have 110 a p p a r i t i o n s  i n  t h e  

1965-1986 t i m e  span. O f  t h e  110 a p p a r i t i o n s ,  88 w e r e  e l imina ted  

I l l  R E S E A R C H  I N S T I T U T E  

8 



on t h e  b a s i s  of magnitude 1 2  and AT; less than  55,000 f t / s e c .  

Of t h e  22 missions remaining, 5 were s e i e c t e d  as being of  

primary i n t e r e s t ,  12 as being of secondary i n t e r e s t ,  and 5 being 

as of marginal i n t e r e s t .  Most o f  the marginal  missions are 

magnitude 13 a t  i n t e r c e p t ;  they w e r e  inc luded  t o  make s u r e  

that Ilrr reaonabl ,e  roissions are omitted. The f inal .  Sreakdow-i 

i n t o  5 of primary interest  and 12 of secondary i n t e r e s t  i s  

somewhat s u b j e c t i v e ,  p a r t i c u l a r l y  s i n c e  comet b r igh tness  i s  

poor ly  known and no t  e a s i l y  p r e d i c t a b l e  

W e  b e l i e v e  t h a t  all 22 missions are of  i n t e r e s t  i n  t h e  

nex t  20 yea r s  and tha t  each of  t h e  5 miss ions  cjf primary 

i n t e r e s t  should be s e r i o u s l y  cons idered .  Tables  4 ,  5 ,  and 6 

d e t a i l  t h e  22 missions.  

2 . 2  New C o m e t  Missions 

It i s  impossible  t o  select  new comet miss ions  more 

than  a f e w  months i n  advance, s i n c e  there  i s  no way of pre -  

d i c t i n g  new comet a p p a r i t i o n s  

of us ing  new comet missions t o  cczmplenenls s h o r t - p e r i o d  comet 

Because of t h e  p o s s f b l e  merit 

miss ions ,  t h e  f e a s i b i l i t y  of new comet missions w a s  a s s e s s e d  

by ana lyz ing  which of the new comets d iscovered  between 1945 

and 1960 would have s a t i s f i e d  rhe c r i t e r i a  imposed f o r  s h o r t -  

pe r iod  comet missions IIhes~ c r i t e r i a  a r e ;  C V  l e s s  than  

55,000 f t / sec ,  b r igh tness  g r e a t e r  than  magnitude 1 2  a t  i n t e r -  

c e p t ,  and two months of t r ack ing  before  launch. 

Table 7 summarizes t h e  selection s t a t i s t i c s  f o r  t h e  

new comet miss ions .  
1 1 1  R E S E A R C H  I N S T I T U T E  
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Table 7 

SELECTION S1A'liSTPC.S FOR NEW COMET MISSIONS 
u__- -- 

New comets discovered from 1945 t o  1960 7 1  

New comets of  period; less than 1000 years 17 

Long-period new comets 54 = 3 . 5 j y e a r  

Missions poss ib l e  a f t e r  a c t u a l  discovery 2 = 1 /7 .5  years  

Missions poss ib l e  i f  a l l  comets were d i s -  
covered a t  magnitude i 5 ,  by a comet 
search  program 10 = 1 / 1 . 5  years 

Seventy-one new comets were discovered between 1945 and 

1960. Of the  71,  1 7  have periods !f less than 1,000 years. 

These 1 7  comets have physical  p r o p e r t i e s  s i m i l a r  t o  those  of 

t h e  wel l  known shor t -pe r iod  cemets  acd were e l imina ted  from 

f u r t h e r  cons ide ra t ion ,  s i n c e  a mission t.o a we l l  known comet 

i s  Z z : r  e a s i e r  than one t o  a new comct. 

Thus t h e r e  were 5h new, iong-period comets i n  15 years ,  

o r  an average of 3 .5  p e r  year .  Because most new comets a r e  

discovered near  p e r i h e l i o n ,  cnly two missions would have been 

p o s s i b l e  t o  these  54 af ter  t h e  comets were discovered.  There- 

f o r e  , wi th in  t h e  framework of currenc discovery techniques ,  

t h e r e  would be only one new come+ mission every  7 . 5  y e a r s .  

Our conclusion i s  that new comet missions could be 

f e a s i b l e  i f  a comet search program w e r e  implemented t o  d iscover  

t h e  new comets e a r l i e r ,  s o  t h a t  t k e  launch energy requirements 

could be g r e a t l y  reduced. For example ,  i f  a l l  t h e  new comets 

1 1 1  R E S E A R C H  I N s r i T u T E  
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had bsen discovered a t  magnitude 15, perhaps by using t h e  Baker- 

Nunn camera s y s t e m ,  t h e r e  would have been one oppor tuni ty  p e r  

1 .5  years .  

There are now 12 Baker-Nunn cameras i n  a worldwide 

system se t  up by t h e  Smithsonian Astrophysical  Observatory 

under a NASA c o n t r a c t  t o  t r ack  a r t i f i c i a l  s a t e l l i t e s .  Because 

of  t h e i r  wide f i e l d  of view and f a s t  response t i m e ,  t h e  Baker- 

Nunn s y s t e m  of 12  cameras c a n  search  t h e  e n t i r e  n igh t  sky i n  

1 hour.  

The major problem would be d i s t i n g u i s h i n g  t h e  magnitude- 

15 comet from the  many o t h e r  magnitude-15 o b j e c t s  i n  t h e  sky. 

There would be d i f f i c u l t y  p a r t i c u l a r l y  i n  d i s t i n g u i s h i n g  

between comets and a s t e r o i d s ,  s i n c e  almost a l l  comets a r e  

n e a r l y  s te l la r  i n  appezrance a t  magnitude 15. Nevertheless ,  

w e  b e l i e v e  t h a t  w i th  some effort a s y s t e m  s i m i l a r  to t h e  Baker- 

Nunn cameras could be used  t o  d i scover  new comets. 

I a b l e  8 compares t h e  average parameters f o r  s h o r t -  

per iod  and new, long-period comet missions.  The only s i g n i f i -  

c a n t  d i f f e r e n c e s  between t h e  two types a r e  t h a t  new comet 

missions have higher  approach v e l o c i t i e s  and new comets are 

b r i g h t e r  a t  i n t e r c e p t ,  

I l l  R E S E A R C H  I N S T I T U T E  
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Table 8 

AVERAGE PARAMETERS FOR COMET MISSIONS 

Short-Period 
Comets New Comets 

y_ 

Number in sample 17 10 

Ideal velocity (AV) 46,600 + -- 3,800 45,500 + 3,700 ft/sec 

186 + 92 days Flight time (TF) 205 + P 198 - 
Velocity of approach (VHP) 22 + - 13 50 + - 17 km/sec 
Communications distance (RC) 1.1 + - 1.7 1.2 + - 1 2 AU 

Magnitude at intercept 

3 PAYLOADS FOR COMET MISSIONS 

10.5 + - 2 . 9  8 . 5  + I 3 . 3  - 

When determining the experiments to be included in a 

mission, comets must be considered individually. The experi- 

ments conform to a general, broad outline but should be tailored 

to the brightness and the activity of the particular comet 

whenever possible. 

The types of instrumentation suggested f o r  comet inter- 

cept missions include plasma probes, magnetometers, spectro- 

photometers, mass spectrometers, dust-particle detectors, and 

television cameras. Television is included to observe the 

surface and the macroscopic construction of  the nucleus. Some 

of the instruments would operate throughout the flight to gain 

information on the interplanetary medium. The data would be 

used to compare the field and particle distribution in 

space with the magnetic field and particle distribution in the 

l l T  RESEARCH I N S T I T U T E  
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coma and, i n  p a r t i c u l a r ,  t o  d e t e c t  any t r a n s i t i o n  reg ion  

between t h e  t w o .  

Table 9 i n d i c a t e s  t h e  type  of experimental  payload t h a t  

cou ld  provide u s e f u l  information by f l y i n g  through a cometary 

c G m a  a t  a m i s s  d i s t a n c e  of approximately 10,000 km from t h e  

pjr,l,eus. R-- - . -  uE;Lau~2 sf t h e  high approach v e l o c i t y ,  and t h e  

10,000-km m i s s ,  no i n s t r u c e n t a t i o n  i s  included for observ ing  

t h e  nuc leus .  

i n d i c a t i o n  of t h e  c o n s t i t u t i o n  of t h e  coma and should ~ l s o  

provide d a t a  on magnetic f i e l d ,  charged and dus t  p a r t i c l e  

d i s t r i b u t i o n s ,  and plasma temperature .  

This  experimental  payload should provide an 

Table 9 

POSSIBLE EXPERIMENTAL PAYLOAD 
FOR FLYBY MISSIONS 

10,000-km m i s s  d i s t a n c e  

I n s t r u m e n t  

P l a s m a  p r o b e  (Faraday cup) 

Magnetometer: f l u x g a t e  

rub  i dium 

Mass spec t rometer  

D u s t - p a r t i c l e  d e t e c t o r  

Ex p e r  imenta l  weight 

Experimental  power 

Experimental  d a t a  r a t e  

Remarks 

20 energy l e v e l s  per  minute 

One 3-axis  measurement each 3 
sec t o  match plasma d a t a  
3 = a x i s  a b s o l u t e  measurements 

45 mass channels  per  minute,  
1000-km r e s o l u t i o n  

S e n s i t i v i t y  3 x dyne-sec 
(10-13 grams a t  30 km/sec) 

25 l b  

20 w a t t s  

20 bits/sec 

l l T  R E S E A R C H  I N S l l T U T E  
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Table L O  <-hews a poss ib l e  ex tens ion  of t h e  b a s i c  pay 

load far a missioc in which the niss d i s t a n c s  is m l y  1,000 km 

from t h s  nucleus but  i n  Which the approach v e l o c i t y  i s  s t i l l  

h i g h .  Three a d d i t i o n s  are made, (1) A spectrophotometer is  

inc lhded  t o  view t h e  comet as a whale arL approach, t o  v i e w  t h e  

coma w i t h  ~ e L i t i v e I y  high s p a t i a l  i * e ~ u l u t f ~ r i  frotii c1:;~e range, 

and t o  observe t h e  spectrum of  +_he nclcleus i t s e l f .  

me t r i c  measurements would be c o r r e l a t e d  with Ear th-bassd  

measurements (2) Fast-resportse plasrna )robes and ( 3 )  magne- 

tometers  arr inc luded  t o  determine t h e  f ice  s c r u c t d r e  of the  

plasma i n s i d e  and o u t s i d e  the coma. 

which w i l l  g ive  a s p a t i a i  r e s o l u t i o n  of about 20  meters a t  a n  

approach v e f o c f t y  o f  20 km/sec, i s  sugges ted .  For a l l  t h e  

plasma and magnetic fi2I.d measurements it i s  important  t h a t  t h e  

d a t a  he c o r r e l a t e d  i n  terms cf time sr,d of Che p s i t i o n  of the 

spa,t ' rrraft  i n  t h e  coma. T e l m i s i o n  will be used  to observe t h e  

n u c i - a s  in a t  least  E W ~  c 3 l z r s .  >-e h igh  v e i o c i t y ,  however, 

r e s L r z c t s  zne system t o  o n i y  abou: fou r  prztul-es befctre tSh2 

camera i s  out: o f  range ,  

The s p e c t r o -  

A response t i n s  D f  msec, 



Table 10 

POSSIBLE EXPERIMENTAL PAYLOAD 
FOR CLOSE FLYBY MISSIONS 
1,000-km miss distance 

Instrument 

Particles 2nd fields 

Remarks 

AS fo r  10,OOO-km flyby 

Fast -response plasma probe Measurement each millisecond to 
determine fine structure 

Fast-response magnetometer 3-axis measurement each milli- 
second to match plasma data 

Spectrophotometer 

Television 

Experimental weight 

1 coarse spectrum each 5 min 
during approach and intercept 

4 pictures of nucleus 

75 lb 

Experimental power 40 watts 

Experimental data rate 630 bits/sec 

Table 11 shows a modification of this payload for 

rendezvous missions in which the miss distance is still 1,000 

km but the approach velocity is reduced to 100 m/sec. While 

the experiments are somewhat different, the weight class of 

the scientific payload is the same as for a close intercept 

mission. The spacecraft will stay in the vicinity of the 

nucleus for a number of days and thus will allow much informa- 

tion to be obtained. 

of the nucleus at a rate of about one picture 

The television system can obtain pictures 

every 4 or 5 

min. A fast-response plasma probe and a magnetometer 
l l T  R E S E A R C H  I N S T I T U T E  
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needed t o  o b t a i n  the  f i n e  s t r u c t u r e  because t h e  s p a c e c r a f t  

v e l o c i t y  i s  r e l a t i v e l y  l o w  

Table 11 

POSSIBLE EXPERIMENTAL PAYLOAD 
FOR RENDEZVOUS MISS IONS - 

l O O - m / s e c  f l yby  v e l o c i t y  

Instrument 

P a r t i c l e s  and f i e l d s  

Spectrophotometer 

Remarks 

A s  f o r  10,000-km f lyby  

1 coa r se  spectrum each 5 min 
during approach and i n t e r c e p t  

Te lev i s ion  15 p i c t u r e s  of nucleus pe r  hour 

Experimental  weight 75 l b  

Experimental  power 35 watts 

Experimental  d a t a  ra te  125  b i t s / s e c  

The t h r e e  experimental  payloads out;.ined i n  Tables 9 ,  

10,  and 11 i l l u s t r a t e  t h e  d i f f e r e n c e s  i n  t h e  experimental  con- 

s t r a i n t s  imposed by t h e  i n t e r c e p t  parameters .  They r e p r e s e n t  

t y p i c a l  examples but  by no means exhaust  t h e  p o s s i b i l i t i e s  of  

comet i n t e r c e p t  experiments 

An environmental  c o n s t r a i n t  i s  imposed by pass ing  

through t h e  coma of  a comet. 

s i d e r a b l e  flux of dus t  p a r t i c l e s ,  i o n s ,  and molecules w i l l  

bombard t h e  s p a c e c r a f t  which may r ep resen t  a hazard t o  t h e  

i n t e g r i t y  of t h e  s p a c e c r a f t  system. 

t o  be provided.  So la r  c e l l s ,  i n  p a r t i c u l a r ,  are no t  l i k e l y  t o  

It i s  a n t i c i p a t e d  t h a t  a con- 

Some s h i e l d i n g  w i l l  have 

I I T  R E S E A R C H  I N S T I T U T E  



s u r v i v e  f o r  very long i n  a cometary  environment. Therefore  

RTG power s u p p l i e s  a r e  suggested,  d e s p i t e  t h e  f a c t  t h a t  they 

r e q u i r e  s h i e l d i n g  and a r e  somewhat heavier  than s o l a r  > e l l  

power supp l i e s .  

4. DESCRIPTIONS OF A F'EW SELECTED MISSIONS 

The E l i S § i G a S  to t he  five short-period comets O f  primary 

i n t e r e s t  a r e  summarized i n  Table 1 2 .  

4 . 1  Comet Tempel 2 ,  1967 

Comet Tempel 2 has a very favorable  a p p a r i t i o n  i n  1967; 

a comparable mission opportunity does no t  occur again u n t i l  

1976, when D ' A r r e s t ' s  comet w i l l  be an a t t r a c t i v e  t a r g e t  

Tempel 2 has made 13 observed appearances s i n c e  it w a s  d i s -  

covered i n  1873, and i n  1967 it w i l l  be as c l o s e  t o  Ea r th  - 
0.4  AU - as it  ever is. 

i s  i n c l i n e d  12 degrees t o  the  e c l i p t i c  plane.  I n  1967 i t s  

coma diameter should be about 50,000 km and i t s  b r igh tness  mag- 

n i tude  10. Figure 1 shows t h e  t r a j e c t o r y  f o r  t h e  T e m l e l  2 

The comet has a per iod of 5 years and 

mission 

4 . 2  

m i s s  ion  

pe r iod ,  

i n  1967. 

Comet Encke, 1974 

The 1974 a p p a r i t i o n  of  Encke i s  t h e  most s u i t a b l e  Encke 

i n  t h e  1965-1986 period. Encke has t h e  s h o r t e s t  

3.3 years, of any pe r iod ic  comet and has been seen on 

almost 50 a p p a r i t i o n s .  

degree i n c l i n a t i o n ,  a l l  Encke missions are c h a r a c t e r i z e d  by 

approach v e l o c i t i e s  of  20 t o  40 km/sec If a comet seeker  

can be made a v a i l a b l e  before  1974, i t  should be poss ib l e  t o  

Because of  i t s  s h o r t  per iod  and 11 9- 

I I T  R E S E A R C H  I N S T I T U T E  
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cons ide r  a f lyby mission t o  wi th in  1,000 km o f  t h e  nucleus.  

The 75 pound experimental  payload i s  proposed as p a r t  

The major con- o f  t h e  t o t a l  s p a c e c r a f t  weight of  900 pounds. 

t r i b u t o r s  t o  t h i s  t o t a l  weight are t h e  RTG power supply,  

weighing 100 pounds, and about 400 pounds of midcourse guidance 

p r ~ p u l s f o n .  The p r o p ~ l s i o n  provides a v e l o c i t y  i~crement of 

about 1 km/sec, which i s  necessary t o  achieve t h e  small m i s s  

d i s t a n c e  s i n c e  t h e  approach v e l o c i t y  i s  35 km/sec. 

Figure 2 shows t h e  t r a j e c t o r y  f o r  t h e  suggestel: mission.  

4 . 3  Comet D ' A r r e s t ,  1976 

A f a i r l y  s i g n i f i c a n t  p e r t u r b a t i o n  of D ' A r r e s t ,  by 

J u p i t e r ,  i s  expected i n  1968, and t h e  c a l c u l a t e d  change i n  

o r b i t a l  parameters i n d i c a t e s  a b r i g h t  a p p a r i t i o n  i n  1976. 

D ' A r r e s t ' s  o r b i t  i s  i n c l i n e d  17 degrees ,  i t s  pe r iod  i s  6 years  

and i t s  p e r i h e l i o n  d i s t a n c e  1 18 AU. 

A 75 pound experimental  payload i s  suggested,  s i n c e  i t  

would be poss ib l e  t o  achieve a m i s s  d i s t a n c e  o f  1,000 km from 

t h e  nuc leus ,  The s p a c e c r a f t  weight of 625 pounds inc ludes  140 

pounds f o r  a 400 m / s e c  midcourse c o r r e c t i o n .  The s h o r t  communi- 

c a t i o n s  d i s t a n c e  of 0.18 AU makes only  a s m a l l  demand on t h e  

t e l eme t ry  system. 

Figure 3 shows t h e  o r b i t  and t h e  s p a c e c r a f t  t r a j e c t o r y .  

The i d e a l  v e l o c i t y  necessary  i s  l i t t l e  more than  tha t  r e q u i r e d  

t o  escape from t h e  Ea r th .  

The 1976 a p p a r i t i o n  of D ' A r r e s t  i s  probably t h e  most 

a t t r a c t i v e  mission before  Ha l l ey ' s  comet. Although t h e  
1 1 1  R E S E A R C H  I N S T I T U f E  
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comet i s  not  unusually spec tacu la r ,  a l l  of t h e  f a c t o r s  are very 

f avorab le  f o r  t h e  1976 mission. The 1970 a p p a r i t i o n  would 

a l low v e r i f i c a t i o n  o f  t h e  per turbed o r b i t a l  parameters and t h e  

b r i g h t n e s s ,  and the  1982 a p p a r i t i o n  would provide follow-up 

s c i e n t i f i c  d a t a  after t h e  1976 i n t e r c e p t .  

4 .4  Comet Kopff, 1983 

Comec Kopff i s  included i n  t h e  i i s t  of s e l e c t e d  missions 

because of t h e  r e l a t i v e l y  low approach v e l o c i t y ,  8 km/sec, 

which makes i t  p o s s i b l e  t o  consider  a rendezvous mission,  

Kopff i s  an unspectacular  pe r iod ic  comet w i t h  r'; per iod  o f  6 

yea r s  and an o r b i t  i n c l i n e d  a t  4 .7  degrees t o  t h e  e c l i p t i c  

plane.  

A 75 pound class o f  experimental  payload as suggested 

(Table 11) i s  a very s m a l l  p a r t  o f  t h e  s p a c e c r a f t  weight of 

about 10,000 pounds. The major p a r t  of t h i s  t o t a l ,  about 

8,'OO pounds, i s  taken up by t h e  t e rmina l  r e t ro - rocke t  and i t s  

f u e l .  Increases  i n  t h e  experimental  payload weight would r e s u l t  

i n  l a r g e  inc reases  i n  t h e  t o t a l  weight due t o  the  t e rmina l  

propuls ion.  Because t h i s  l a r g e  t o t a l  weight has t o  be guided 

t o  w i t h i n  1,000 km of  t h e  nucleus,  an a d d i t i o n a l  650 pounds 

has t o  be a l l o c a t e d  f o r  t h e  250 m/sec midcourse guidance cor-  

r e c t i o n .  Furthermore, a t t i t u d e  c o n t r o l  of  t h i s  l a r g e  mass w i l l  

r e q u i r e  about 200 pounds o f  c o n t r o l  propuls ion.  

shows t h e  l a r g e  weight investment r equ i r ed  when t h e  approach 

v e l o c i t y  i s  s i g n i f i c a n t l y  reduced by chemical r e t r o - r o c k e t s -  

This example 

Figure 4 shows the  comet o r b i t  and t h e  s p a c e c r a f t  t r a j e c t o r y .  
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4 . 5  Hal l ey ' s  Comet, 1986 

Ha l l ey ' s  comet i s  the most ou ts tanding  and w e l l  known 

p e r i o d i c  comet. Since i t s  period i s  76 yea r s ,  and s i n c e  it i s  

such an i n t e r e s t i n g  comet, Walley's should be considered f o r  a 

mission. Recorded appa r i t i ons  of  Ha l l ey ' s  comet extend back 

t o  t h e  year 466 B.C. A worldwide s tudy w a s  made a t  i t s  last  

appearance,  i n  LYLU and a grrdL ucaL uL IIaLVLr..u--v-- 

a t  t h a t  t i m e .  This information can be used,  t oge the r  w i t h  t h e  

r e s u l t s  of  i n t e r c e p t  missions t o  o t h e r  comets, t o  de f ine  t h e  

experimental  payload. 

- - - - A  J--l -C ;ofnrms+inn Waq nbtained . C I .  n 

A m i s s  d i s t a n c e  of 1,000 km has been suggested,  which 

w i l l  be d i f f i c u l t  bu t  no t  impossible t o  a t t a i n .  The d i f f i c u l t y  

i s  the h igh  approach ve1o:ity of 69 km/sec due p r i m a r i l y  t o  

Ha l l ey ' s  r e t rog rade  o r b i t  A 75 pound experimental  paylead 

r e s u l t s  i n  a s p a c e c r a f t  weight of approximately 1,900 pounds. 

This  inc ludes  t h e  propuls ion (900 pounds) r equ i r ed  t o  provide 

a v e l o c i t y  increment of  2 km/sec necessary t o  achieve t h e  

d e s i r e d  m i s s  d i s tance .  

The 75 pound experimental  payload can provide answers 

t o  many of t h e  s c i e n t i f i c  quest ions concerning Hal ley  but 

l a r g e r  payloads may be poss ib le  based on more d e t a i l e d  mission 

s t u d i e s ,  For example, it would be d e s i r a b l e  t o  s i g n i f i c a n t l y  

reduce t h e  approach v e l o c i t y ,  which would r e q u i r e  l a r g e  launch 

v e h i c l e s  and a t h r u s t e d  s t age .  Such missions could a l t e r  t h e  

payload cons ide ra t ions .  

I I T  R E S E A R C H  I N S I I T U T E  



Figure 5 shows Hal ley ' s  o r b i t  and t h e  s p a c e c r a f t  

t r a j e c t o r y  f o r  an i n t e r c e p t  mission. 

b l e  some 200 days be fo re  launch and before { a l l e y  goes i n t o  

conjunct ion  with t h e  Sun. 

5. CONCLUSIONS 

Recovery should be poss i -  

C o m e t  i n t e r c e p t  missions can p iay  a l a r g e  r o i e  i n  t h e  

understanding of t h e  n a t u r e  and o r i g i n  comets, and can c o n t r i -  

bu te  t o  our understanding o f  t h e  dynamics and o r i g i n  of t h e  

s o l a r  sys t em.  I n  p a r t i c u l a r ,  t hey  can provide information OR 

t h e  nucleus,  t h e  d i s t r i b u t i o n  o f  t h e  charged p a r t i c l e s ,  and 

t h e  magnetic f i e l d  i n  t h e  neighborhood of a comet. 

of  d a t a  i s  extremely d i f f i c u l t  i f  no t  impossible t o  o b t a i n  from 

Ear th .  

This  type 

Our a n a l y s i s  of t h e  poss ib l e  o p r o r t u n i t i e s  f o r  missions 

t o  pe r iod ic  comets i n d i c a t e d  t h a t  t h e  a p p a r i t i o n s  of a t  least  

1 7  pe r iod ic  comets a r e  s u i t a b l e  f o r  i n t e r c e p t  missions i n  t h e  

next  20 years  and t h a t  5 are of p a r t i c u l a r  i n t e r e s t .  I n  addi-  

t i o n ,  given a modest sky-searching f a c i l i t y  such as can be 

provided with Baker-Nunn o r  s imi la r  cameras, t h e  p o t e n t i a l  

o p p o r t u n i t i e s  f o r  i n t e r c e p t  missions t o  new comets are n e a r l y  

one per  year 

Not only are t h e  number of o p p o r t u n i t i e s  f o r  comet 

missions s u f f i c i e n t  but a l s o  both t h e  experimental  and t h e  

t o t a l  payloads a r e  w i t h i n  t h e  fo re seeab le  s t a t e  of t h e  a r t  and 

are compatible wi th  pro jec ted  launch v e h i c l e  c a p a b i l i t i e s .  

1 1 1  R E S E A R C H  I N S T I T U T E  

1 3  



h 

(D 
Q) 
0) 

> 
W 
-I 
-I a 
f 
0 
I- * 
0 
t u w 
3 

- 
Y 

a 

a a 

a 

e 

d 
a 

I- 
* 
0 

<u 

W 

3 
(3 
LL 
- 



I 

A reasonable plan for the future is a flyby mission to 

a short-period comet, perhaps comet D'Arrest in 1976, followed 

by other missions to periodic comets, especially to Halley's 

comet, and by missions to new comets. 
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7 .  GLOSSARY 

AV I d e a l  v e l o c i t y ,  t h a t  i s ,  the  t o t a l  v e l o c i t y  
increment that ~ E E +  be given to the s p a c e c r a f t  
nn leaving Ear th :  

VHL 

TF 

biHP 

RC 

AV = 1 ( 3 6 , 1 7 8 ) 2  + (L'HL)2 + 4000 

Here, 36,178 f t / s e c  i s  t h e  c h a r a c t e r i s t i c  
v e l o c i t y  f o r  Earth escape launching from Cape 
Kennedy and 4000 f t / s e c  i s  a c o r r e c t i o n  f o r  
g r a v i t a t i o n a l  arid f r i c t i o n a l  l o s ses  during 
launch. 

Launch hyperbol ic  excess speed, t h e  magnitude 
of  t h e  d i f f e r e n c e  between t h e  E a r t h ' s  v e l o c i t y  
vec to r  and the  s p a c e c r a f t ' s  v e l o c i t y  v e c t o r  a t  
t i m e  of i n j e c t i o n  of  t h e  s p a c e c r a f t  i n t o  t h e  
i n t e r c e p t  t r a j e c t o r y  

F l i g h t  t i m e  of s p a c e c r a f t  from launch t o  i n t e r -  
cep t  $ 

Veloci ty  of approach of s p a c e c r a f t  r e l a t i v e  t o  
t h e  cornet, 

Communications d i s t a c c e ,  o r  d i s t a n c e  between 
t h e  Ea r th  and t h e  comet a t  t i m e  of s p a c e c r a f t  
a r r i v a l  a t  the  comet. 
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